We consider a realization of the XOR logic gate in a process biocatalyzed by an enzyme which can be inhibited by a substrate when the latter is inputted at large enough concentrations.
Introduction
Chemical computing, [1] [2] [3] [4] [5] [6] [7] i.e., processing of information with chemical reactions, has been an active area of unconventional computing. 8, 9 Several chemical systems carrying out Boolean logic gates, such as AND, 10, 11 OR, 12 NAND, 13, 14 NOR, [15] [16] [17] [18] INHIB, [19] [20] [21] [22] XOR, [23] [24] [25] [26] have been demonstrated. Biochemical computing [27] [28] [29] has utilized biomolecular kinetics for information processing, realizing binary logic gate functions and few-gate networks based, for instance, on proteins/enzymes, [30] [31] [32] [33] [34] [35] [36] [37] [38] antigens/antibodies, 39, 40 DNAzymes, 41, 42 DNA, 43, 44 RNA [45] [46] [47] [48] [49] and whole cells. 50 Biocomputing systems offer approaches to design multi-signal responsive biosensors [51] [52] [53] and bioactuators 54, 55 processing complex patterns of biochemical signals, for potential biomedical applications. [56] [57] [58] [59] XOR (eXcluded OR) gate has been a binary logic operation most difficult for (bio)chemical realizations. 60 Indeed, XOR is expected to yield output 0 when the two inputs are applied at zero levels (input combination 0,0). When only a single input signal is applied at level 1, output 1 is expected (system "activation" for input combinations 0,1 and 1,0). However, simultaneously applying both inputs at level 1, keeps the system inactive: output 0 (for inputs 1,1). Therefore, unlike other recently realized [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] chemical gates (AND, OR, NAND, NOR, INHIB), the XOR function involves an inherently non-monotonic chemical output in response to increasing concentrations of the two chemical inputs. 60 In (bio)chemical setting this requires reactions with kinetics such that the effects of two input species cancel each other when they are both present in the system.
The XOR function has been realized by mutual negation of the chemical inputs which drive molecular restructuring, such as acid and base. 23, 24 In supra-molecular systems input signals resulted in a change of a chemical complex's structure, measured by changes in optical absorbance or fluorescence, as each input binds at different sites of the complex, whereas binding of both of them resulted in no changes in the optical properties. 25, 26 Biomolecular realization can be based on biorecognition or biocatalytic properties of DNA 48 or enzymes. [60] [61] [62] [63] [64] In "signal change" enzyme-based XOR gates 38, [60] [61] [62] [63] oppositely directed biocatalytic reactions are driven by input signals. Separate application of each chemical input unbalances the system, resulting in the output signal as a change in a measurable property. Both inputs, however, when present, drive competing reactions thus keeping the balance (no signal change). The resulting optical [60] [61] [62] [63] or electrochemical outputs 38 require certain post-processing in order to get the absolute value of the change as the XOR value. Such gates have been used as model systems 60 for XOR realizations. Here is considered a different approach whereby the non-monotonic response is achieved by a suppression mechanism of the oxidative function of the enzyme HRP (horseradish peroxidase) at increased concentrations of its primary substrate, H 2 O 2 . The experimental details are given in Section 2.
Despite the difficulties 60 in realizing the XOR gate in terms of single-or few-step (bio)chemical processes, explorations of its properties are important for several reasons. This gate is among the basic computing elements of half-adder/half-subtractor [65] [66] [67] [68] or full-adder/fullsubtractor. 69, 70 These arithmetic functions were realized using DNA-based 71 and enzyme-based 64 processes. XOR is also a part of reversible gates: CNOT, CCNOT, etc., that have been utilized in other unconventional computing realizations.
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Furthermore, a response-surface function of a system that yields XOR output at the logicpoint inputs 00, 01, 10, 11, has a convoluted, saddle shape 60 as compared to other gates, such as AND. This matter is addressed in Section 3, which also introduces a model that allows analysis of the noise-handling properties of our specific XOR realization. Generally, we expect 60 and confirm that the XOR gate is more noisy that AND, OR and other gates with less "structured" response surfaces. While the study of the noise handling by XOR gates is interesting, such gates will be candidates for inclusion in larger networks only provided noise suppressing elements (filters) are utilized, rather than being directly optimizable. Section 4 presents model fit and analysis of our data, discussion of the results, and offers concluding remarks. of GOx enzyme. The enzymatic reaction was continued for 15 min in the total volume of 2 mL with the constant air bubbling through the reaction solution.
After that, 1 mL of the reaction mixture was transferred to another cuvette, where it was mixed with the Input 2. 
Optical Measurements
Absorbance, A, measurements were performed using a UV-2401PC/2501PC UV-visible spectrophotometer (Shimadzu, Tokyo, Japan) at (25.0 ± 0.2) °C. The reaction was carried out in a 1 mL poly(methyl methacrylate), PMMA, cuvette for all the different input combinations. The increase of absorbance was monitored as a function of time, at  = 420 nm, resulting from the formation of ferricyanide due to oxidation biocatalyzed by HRP. A selection of our absorbance data is shown in Figure 2 . The gate time, t g = 60 sec, was selected to obtain a well-defined XOR function, as further discussed in the following sections. In particular, for this time, input combinations 0,0 and 1,1 give similar outputs which yields a good quality XOR function; see 
Description and Modeling of the XOR Gate Realization
As mentioned in Section 1, among the binary logic gates realized in the framework of enzyme-catalyzed biochemical processes, XOR has been rather problematic, as detailed shortly. therefore generally larger slopes (faster variation) than gates such as AND, the latter with the truth table containing only a single output 1. As a result, the realized XOR-type gates typically have stronger analog noise amplification 60 and are much more difficult to optimize for noiseless network functioning than AND-type gates.
In our earlier work, 60 an XOR gate was realized based on signal change, and its noise handling properties were investigated. That realization has required certain post-processing, which was devised, 60 but not realized experimentally as a (bio)chemical step, in order to obtain the actual XOR response shown in (1). Furthermore, its tuning for noise reduction also proved not straightforward. Indeed, after the signal post-processing the "optimal" response surface of the signal-change gates approximates the one shown in Figure 3 (a), which still has 2 140%  noise amplification factor per information processing step. 60 Here we explore another approach which yields response surfaces which are smooth functions that can approximate the ridged shape shown in Figure 3 (b), which has the same noise amplification factor (if accurately realized). In fact, it is unlikely that simple biochemical steps based on properties and functioning of one or few enzymes, can approximate the planar-face "origami" shape such as in Figure 3 which has slopes less than 1 (means, analog noise suppression 81, 82 ) at all the logic points. This "saddle" shape for the XOR function would likely require a sequence of well-designed and tuned reaction processes of the complexity presently not realized in the (bio)chemical logic-gate literature.
In the present work, we realize the XOR function as shown in Figures 1 and 2 for large-scale networking of biocomputing processes. However, it is also important to note that we are interested in information processing rather than the chemical kinetics aspects of these steps. Therefore, our pre-processing was carried out for long enough (fixed) time to ensure that all glucose is processed and equal quantity of H 2 O 2 is produced. In terms of the concentrations of glucose and H 2 O 2 , the input I 1 is the same.
However, we note that such pre-processing and other "black box" (means, carried out identically without regard to the actual value of the input) information processing steps can be sources of noise, which is our primary topic of concern in this work. Therefore, while seemingly chemically trivial, such steps should be included if we want a realistic experiment as far as data nosiness is concerned. We chose one such input pre-processing step for the present work:
Glucose  H 2 O 2 ; see Figure 1 . The resulting data noisiness is illustrated in Figure 4 . The actual kinetics is not interesting as far as information processing goes, and, as mentioned, we took the conditions such that the input, I = [H 2 O 2 ], into the second processing step, catalyzed by HRP, was 1 2
We will use the following simple "cartoon" kinetic model to consider the parameter selections for the XOR function. As emphasized earlier, 27, 60, 81, 82, 85 analysis of the shape of response surfaces is frequently done with limited data and is aimed at an approximate global description of the function shape within a few-parameter model. Therefore, here we focus on two 
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We then assume (the second term) that the inhibition by H 2 O 2 , is approximately represented by that, some of the enzyme is "taken out of the game" by H 2 O 2 , at the rate rI
The The proposed rate expression treats these processes in a cavalier way. The fact that ferrocyanide also competes for the same main complex is also not carefully considered. Technically, this should be reflected in that the rate r will depend on (decrease with) the initial ferrocyanide concentration.
The main virtue of the present "cartoon" model is that, it has few parameters (two rates).
Another useful feature is that, at least in principle the model offers a prescription for how to change the rates: R -by varying the initial enzyme concentration to which this rate constant should be roughly proportional; r -by changing the initial ferrocyanide concentration, the increase of which will result in the effective value of r decreasing. We also note that the main effects of the inhibition occur during the initial time scales of the reaction when the concentration of H 2 O 2 is not yet significantly depleted. Therefore, for purposes of the actual calculations we can further approximate the quadratic term by replacing
This makes the model analytically solvable, to yield, from
after a detailed calculation, the expression for the concentration, F(t), of the produced ferricyanide,
where (5) is, within the present model, the rate of its production in the peroxidase cycle. 86 Here the time, t, is that of the HRP part of the experiment, and for brevity we denoted the initial
The model equation (6) However, we get large variations ( 80%  ) in the effective values of the rates, which is an indication that the model is at best semi-quantitative. Nevertheless, the model allows to illustrate the issues related to the selection of the XOR response shape from the nonmonotonic biochemical-process signal profile, as well as to estimate the noisiness of the resulting gate function. Indeed, Figure 5 shows sample curves of the dependence of F(t) on 0 I for a typical set of fitted parameters, is not guaranteed to be close to the maximum of the curve for the selected gate time. The result will be that the desired shape of Figure 3(b) , will not be well approximated as a "smoothed ridge." The response surface, which depicts the dependence of the scaled and shifted output
on the similarly scaled and shifted inputs,
will instead be asymmetrical and bulging above the level of the logic-1 for z, for certain inputs' (x and y) values between 0 and 1. The result will be large slopes and thus large analog-noise amplification for the this type of gates. This is precisely the pattern of behavior found in our data, as described in the next section. Thus it is complicated/impractical to "optimize" by parameter selection/modification, the functioning of this type of XOR gates to achieve a smaller amplification factor (really close to the optimal ~ 140%) for analog noise in the inputs.
Results and Discussion
Our data were taken as time-dependent sets measured for several values of both inputs.
The data generally follow the pattern predicted by the semi-quantative model of Section 3. An "optimization" by adjusting the parameters choices to get a response surface from which an XOR shape can be "cut out" which is not too asymmetrical and bulging as compared to Since the data are noisy and fluctuate about the fitted surface (see Figure 6 ), as mentioned in Section 2 we used the experimental mean values of the logic-point 0 and 1 for the output, at the "logic" inputs, to define min max 0.32 mM, 0.41mM F F   , used in shifting and scaling the output, according to (7); see the bar chart in Figure 2 . The values in this chart, and those in Figure 6 illustrate that there are several sources of noise in single-gate functioning. Specifically, the "logic" values of the output are not exactly at the desired numerical 0 and 1. Furthermore, the data are generally noisy, so that various experimental realizations do not even reproduce a smooth scaled surface z(x,y), but rather a certain distribution of the z-values. However, as emphasized in earlier works, 27, 60, 81, 82, 85 for network functioning of the gate as part of complex information processing designs, noise amplification in the gate's signal processing is frequently more important than the noise-to-signal relative magnitude.
In order to estimate the analog noise amplification factor 27, 60, 81, 82, 85 assuming small spread of the noise in the inputs, we can use the absolute values of the gradients of the response surface function, z(x,y), at the logic points. These gradient values were calculated for our fitted model surface, yielding 11.2, 0.6, 2.4, 2.4, for the logic inputs 00, 11, 10, 01, respectively. We point out that had the data accurately approximated the "ridged" shape in Figure 3 (b), we would approach the optimal (for this type of gate) noise-amplification factor of 2 140%  . However, we get (the largest, at 00) factor of eleven-fold amplification, 11.2 1100%  . Thus, the realization is not optimal, and unfortunately, is not easy to improve in any significant way because of the numerous restrictions imposed on the parameter selection by the requirement of approximating the XOR truth table, (1), as described here and in Section 3.
In conclusion, in this work we experimentally realized and theoretically modeled a new XOR function response, of the type shown in Figure 3 illustrates that noise is present even in the saturation regime which is reached once the available H 2 O 2 is used up, highlighting the property that the observed noise is at least in part due to different availability of H 2 O 2 after the pre-processing in the GOx step. 
